Abstract The intracellular location of polycystin-2 is a hotly debated topic in the field of polycystic kidney disease.
Abstract The intracellular location of polycystin-2 is a hotly debated topic in the field of polycystic kidney disease. Two not necessarily mutually exclusive hypotheses state that polycystin-2 is located in the endoplasmic reticulum or in the plasma membrane, respectively. Although a variety of techniques have been employed to prove one or the other location, no definite consensus has been reached yet. It is generally acknowledged, however, that the COOH-terminus of polycystin-2 contains a retention signal for the endoplasmic reticulum. Another facet has been added to the discussion due to the fact that many genes mutated in patients with cystic kidney diseases, among them PKD2, encode proteins which have been detected in primary cilia. Since there is no evidence that the endoplasmic reticulum extends into the primary cilium, polycystin-2 has to reach the plasma membrane at least in this case. An unbiased approach towards elucidating the physiological location of polycystin-2 would involve the characterization of its intracellular trafficking. Using the COOH-terminus of polycystin-2 in a two-hybrid screen, my group has identified a novel coiledcoil protein which we call PIGEA-14 (polycystin-2 interactor, Golgi-and endoplasmic reticulum-associated protein with a molecular weight of 14 kDa). PIGEA-14 also interacts with GM130, a protein associated with the Golgi matrix, and may therefore represent one important component of the trafficking machinery for polycystin-2.
Polycystin-2 is a member of the Trp family of cation channels
Polycystic kidney disease is one of the most common monogenetic diseases, its prevalence has been estimated to be at least one in 1,000. It is characterized by the lifelong expansion of renal tubules, although symptoms affecting the liver, the pancreas and the cardiovascular system are also seen on a regular basis (for a recent review see Wilson 2004) . A number of hypotheses have been advanced to explain cyst formation and cyst growth, such as a change in cell polarity (Wilson 1997) , an altered matrix composition (Calvet 1993) or a dysbalance between cell proliferation and apoptosis (Gallagher et al. 2002) , but the mechanisms had to remain speculative until the identification of the mutated genes.
The positional cloning of the PKD1 (European Polycystic Kidney Disease Consortium 1994) and PKD2 (Mochizuki et al. 1996 ) genes raised great hopes for a better understanding of the pathogenetic events occurring in patients with autosomal-dominant polycystic kidney disease. The PKD2 gene codes for polycystin-2, a 968-amino acid protein with six putative transmembrane domains, whose NH 2 -and COOH-termini are predicted to extend into the cytoplasm. Together with three related proteins, which are called polycystin-2L, polycystin-2L2 and mucolipin, these four proteins form a separate branch of the large family of Trp (transient receptor potential) proteins, a novel class of cation channels (Montell et al. 2002) . Due to their sequence homology with cation channels, experiments were soon initiated to examine the ion-conducting properties of these proteins. For polycystin-2 (González- Perrett et al. 2001; Hanaoka et al. 2000; Koulen et al. 2002; Luo et al. 2003; Vassilev et al. 2001) , polycystin-2L (Chen et al. 1999 ) and mucolipin (Raychowdhury et al. 2004 ) cation channel activity indeed has been demonstrated, whereas no reports have been published yet whether polycystin-2L2 can conduct cations.
able to demonstrate a fine reticular distribution of exogenous polycystin-2 in HEK 293, MDCK, LLC-PK 1 and HeLa cells, which overlapped with that of marker proteins of the endoplasmic reticulum (Cai et al. 1999; Koulen et al. 2002) . The immunocytochemical results were corroborated by biochemical experiments. Polycystin-2 contains several potential N-glycosylation sites and indeed it has been shown to be N-glycosylated (Cai et al. 1999; Hidaka et al. 2004) . Again employing HEK 293 cells, it was demonstrated that polycystin-2 is still sensitive to treatment with endoglycosidase H (Cai et al. 1999 ), an enzyme which usually removes N-linked sugar moieties only if the protein has not progressed beyond the cis-compartment of the Golgi apparatus. By density gradient centrifugation of HEK 293 homogenates, polycystin-2 was found to co-migrate with a marker of the endoplasmic reticulum (Cai et al. 1999) , and surface biotinylation of LLC-PK 1 cells demonstrated no evidence of full-length polycystin-2 at the cell surface (Cai et al. 1999) . Obviously the kidney is the appropriate tissue to determine the exact location of polycystin-2, and both in human kidney using sensitivity to endoglycosidase H (Cai et al. 1999 ) and in murine kidney using density gradient centrifugation and again sensitivity to endoglycosidase H (Koulen et al. 2002) polycystin-2 was found in the endoplasmic reticulum. Our own investigations in LLC-PK 1 cells and a number of other cell lines (Gallagher et al. 2000; Hidaka et al. 2004 ) have confirmed the above findings, but there is conflicting evidence from other groups.
Whereas an exogenous polycystin-2 protein was detected in intracellular membranes of MDCK (Scheffers et al. 2002) and mIMCD3 cells ) by immunocytochemistry, the endogenous polycystin-2 protein was found both in intracellular membranes and in the plasma membrane (in particular cell-cell contacts) of MDCK and mIMCD3 cells by immunocytochemistry Scheffers et al. 2002) , density gradient centrifugation (Scheffers et al. 2002) and surface biotinylation . In LLC-PK 1 cells, however, a predominant or even exclusive location of polycystin-2 in intracellular membranes was detected by immunocytochemistry Scheffers et al. 2002) . These data suggest that the cellular environment, i.e. the proteome of a given cell, influences the subcellular locati4on of polycystin-2. Evidence for such a hypothesis comes from experiments conducted in CHO cells. It was shown by immunocytochemistry that in the absence of polycystin-1, the protein encoded by the PKD1 gene, polycystin-2 is located in intracellular membranes of CHO cells, whereas in its presence polycystin-2 reached the plasma membrane (Hanaoka et al. 2000) . Since polycystin-1 and polycystin-2 interact through their respective COOHtermini (Qian et al. 1997; Tsiokas et al. 1997 ), polycystin-1 may mask the retention signal of polycystin-2 for the endoplasmic reticulum by direct interaction or by influencing the folding of polycystin-2. However, results obtained with cell lines established from transgenic mice with a human PKD1 gene indicate that the situation is not so simple. Because of the presence of the human polycystin-1 protein the prediction would have been that the murine polycystin-2 protein is predominantly present in the plasma membrane, which is not the case. By immunocytochemistry and density gradient centrifugation the majority of polycystin-2 was detected in the endoplasmic reticulum of these cell lines (by the latter technique this was also demonstrated for human kidney), but some of the protein also seemed to be present in the plasma membrane. Somewhat surprisingly, all of Fig. 1 Models for the trafficking of ciliary proteins. There are essentially three possibilities how proteins may reach the primary cilium and are retained there. Non-integral membrane proteins may go to the basal body and move up and down the cilium via intraflagellar transport (IFT). Since there is some controversy about the presence of vesicles inside of primary cilia, integral membrane proteins may have to reach the primary cilium through a different route. This could either be through the adjacent apical plasma membrane (depicted on the right) or by docking to a so far hypothetical structure (possibly the ciliary necklace) at the base of the cilium which at the same time may serve as a barrier against the adjacent membrane (depicted on the left) polycystin-2 in the cell lines and in human kidney was sensitive to a treatment with endoglycosidase H (Newby et al. 2002) .
How do proteins reach the primary cilium?
After having been neglected for a long time, primary cilia have experienced a renaissance due to the location of many cystic kidney disease-associated proteins in this organelle (Pazour 2004) . The function of primary cilia is still a matter of debate, but they are thought to play a mechanosensory role (Nauli et al. 2003; Pazour 2004; Praetorius and Spring 2003) . Polycystin-2 also has been localized to cilia (Pazour et al. 2002; Yoder et al. 2002) , and an interesting question concerns the routing of this and other integral membrane proteins to the cilium. Since no endoplasmic reticulum has been detected in primary cilia yet, at least in this location polycystin-2 has to reach the plasma membrane. Due to the fact that the primary cilium only represents a small portion of the plasma membrane, it may be well possible that biotinylated polycystin-2 was not detected because of its low abundance in the plasma membrane.
Due to its amenability to genetic and biochemical manipulation, the green alga Chlamydomonas has served as the model organism to study intraflagellar transport, whereas only very little is known about primary cilia in mammalian cells (Cole 2003; Pazour 2004 ). In particular, it is not clear how membrane proteins reach the ciliary membrane. Although it is generally believed that no vesicles are transported within cilia and flagella (Kozminski et al. 1993) , other evidence has been presented as well (Jensen et al. 2004 ). Since some membrane proteins are concentrated in the cilium, something like a barrier has to exist at the base of the cilium to prevent diffusion out of the cilium, which could be the "ciliary necklace" (Gilula and Satir 1972) . If integral membrane proteins are transported to the apical plasma membrane and then reach the primary cilium by diffusion, the barrier at the base of the cilium would have to be a "oneway street" in so far as the integral membrane proteins would be able to enter the primary cilium through the barrier but not leave it. Such a scenario may be unlikely, it is rather conceivable that the base of the cilium serves as a docking station for transport vesicles (Fig. 1) , for which there is some evidence (Rogers et al. 2004) . Alternatively, the integral membrane proteins may be anchored to the underlying cytoskeleton similar to what has been described for the Drosophila photoreceptor cells (Montell 1998 ).
Polycystin-2 interacts with PIGEA-14
Isolation of PIGEA-14
The COOH-terminus of polycystin-2 is an important determinant for its subcellular location, and we therefore used this part of the protein in a yeast two-hybrid screen to isolate interacting proteins. Several of the clones isolated encoded a novel protein which we call PIGEA-14. The human PIGEA-14 protein is a 126-amino acid protein with a predicted molecular mass of 14.2 kDa, orthologous proteins were found in other vertebrate species but neither in Drosophila melanogaster nor in Caenorhabditis elegans (Fig. 2a) . Using structural prediction programs, only a coiled-coil motif was detected in PIGEA-14 (Fig. 2b) , and its initial biochemical characterization shows that it is not an integral membrane protein (Hidaka et al. 2004 ). Since both PIGEA-14 and polycystin-2 contain a coiled-coil motif it was tempting to speculate that the interaction between the two proteins is mediated by these domains. However, only the coiled-coil motif of PIGEA-14 is necessary for the association with polycystin-2, whereas the corresponding region in polycystin-2 lies downstream of the coiled-coil motif (Hidaka et al. 2004) . The specificity of the interaction between PIGEA-14 and polycystin-2 was demonstrated by testing for interaction against other proteins with coiled-coil motifs and by co-precipitation. Neither PIGEA-14 nor polycystin-2 interacted with the leucine zipper domains of c-Fos and c-Jun, furthermore PIGEA-14 also did not interact with the closely related polycystin-2L protein (Hidaka et al. 2004) . In order to demonstrate that both proteins not only interacted in yeast, but also in mammalian cells, epitope-tagged versions of either protein were introduced into LLC-PK 1 cells, a porcine kidney epithelial cell line. PIGEA-14 co-precipitated very robustly with polycystin-2 and vice versa, thus emphasizing the strong association of the two proteins (Hidaka et al. 2004 ).
PIGEA-14 interacts with GM130 and affects the intracellular distribution of polycystin-2
Because the primary sequence of PIGEA-14 provided no clue for its function, we performed another two-hybrid screen, only this time using PIGEA-14 as a bait. Among the candidate proteins identified were PIGEA-14 itself and GM130, a component of the Golgi matrix (Hidaka et al. 2004) . As already shown for the association between PIGEA-14 and polycystin-2, both for the self-interaction of PIGEA-14 and for the interaction of PIGEA-14 with GM130 the coiled-coil motif of PIGEA-14 was necessary.
GM130 not only is a component of the Golgi matrix, but it also appears to be involved in the trafficking of vesicles from the endoplasmic reticulum to the Golgi apparatus (Barr and Short 2003; Gillingham and Munro 2003) . We therefore next asked the question how the intracellular distribution of polycystin-2 was affected by PIGEA-14. Similar to what we had described before for polycystin-2 (Gallagher et al. 2000) , PIGEA-14 was detected in a reticular distribution in the cytoplasm of HeLa and LLC-PK 1 cells in the absence of polycystin-2 (Fig. 3a) . When both proteins were present, however, a "patchy" distribution was observed for either of them (Fig. 3b) . Using various controls we were able to demonstrate that this striking redistribution depended on the physical interaction between PIGEA-14 and polycystin-2 and was not simply due to the overexpression of both proteins (Hidaka et al. 2004) , furthermore the "patches" also contained a lumen (Fig. 3b) . These vesicular organelles did not contain GM130 or other proteins of the Golgi apparatus (Hidaka et al. 2004) , as a matter of fact only TGN46, a protein associated with the trans-Golgi network, was also present among all the proteins tested (Fig. 3c) . In a fashion similar to that of PIGEA-14 and polycystin-2, TGN46 changed its distribution when both PIGEA-14 and polycystin-2 were produced in HeLa and LLC-PK 1 cells. In contrast to polycystin-2, however, PIGEA-14 was not detectable in cilia under any circumstances (Hidaka et al. 2004) . The presence of polycystin-2 in a TGN46-positive compartment upon the presence of PIGEA-14 made us predict that polycystin-2 should have moved through the Golgi apparatus and became resistant to a digest with endoglycosidase H. Much to our surprise this was not the case (Fig. 3d) .
Conclusions and perspectives
The identification of PIGEA-14 has begun to shed the first light on the mechanisms underlying the intracellular trafficking of polycystin-2. It is undisputed that polycystin-2 contains a retention signal for the endoplasmic reticulum in its COOH-terminus, which does not belong to any of the known retention signals. The fact that this region in polycystin-2 overlaps with the domain mediating the interaction with PIGEA-14 fits well with our observation that the production of PIGEA-14 results in the redistribution of polycystin-2 into a TGN46-positive compartment. However, it remains to be shown that the TGN46-positive organelle really is the trans-Golgi network or an as yet unidentified intracellular compartment. The fact that polycystin-2 in the TGN46-positive compartment is still sensitive to a digest with endoglycosidase H argues against the trans-Golgi network, although it has to be kept in mind that not all glycoproteins which have passed through the Golgi apparatus become resistant to the action of endoglycosidase H. As has been mentioned before, studies performed with human kidney tissue have shown that by density gradient centrifugation polycystin-2 is present in the endoplasmic reticulum and in the plasma membrane, but that all of polycystin-2 is sensitive to a digest with endoglycosidase H (Newby et al. 2002) . Since a truncated polycystin-2 protein lacking the COOH-terminus reaches the plasma membrane and becomes resistant to the action of endoglycosidase H this may suggest that the full-length polycystin-2 protein does not migrate through the Golgi apparatus. Why does polycystin-2 get stuck in a TGN46-positive compartment and does not move on to the plasma membrane? How does it reach the primary cilium? Although the cloning of the PKD2 gene generated a lot of excitement early on and although we have gained some insight into the biology of polycystin-2, much remains to be learned regarding its physiological and pathophysiological functions.
